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Abstract 
On the SiC(0001) surface (the silicon face of SiC), epitaxial graphene is obtained by sublimation of 
Si from the substrate. The graphene film is separated from the bulk by a carbon-rich interface layer 
(hereafter called the buffer layer) which in part covalently binds to the substrate. Its structural and 
electronic properties are currently under debate. In the present work we report scanning tunneling 
microscopy (STM) studies of the buffer layer and of quasi-free-standing monolayer graphene 
(QFMLG) that is obtained by decoupling the buffer layer from the SiC(0001) substrate by means of 
hydrogen intercalation. Atomic resolution STM images of the buffer layer reveal that, within the 
periodic structural corrugation of this interfacial layer, the arrangement of atoms is topologically 
identical to that of graphene. After hydrogen intercalation, we show that the resulting QFMLG is 
relieved from the periodic corrugation and presents no detectable defect sites. 
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1. Introduction 
The exploitation of graphene for practical applications crucially depends on methods for its 
controllable production on large areas. Presently, epitaxial growth of graphene on the Si-face of 
silicon carbide (i.e., the SiC(0001) surface) is considered an extremely promising route for the 
production of large-area graphene suitable for device applications [1]. Indeed, growth of high-
quality and homogeneous graphene layers was recently demonstrated [2,3]. Nevertheless, there is 
still conflicting theoretical and experimental evidence in the literature concerning the structural 
properties of the buffer layer i.e., the carbon layer that resides below the monolayer of graphene on 
the SiC(0001) face. In scanning tunneling microscopy (STM) often a (6×6) corrugation is imaged 
[4-7].  However, this corrugation does not reflect the true (6√3×6√3)R30o periodicity that can be 
seen in low-energy electron diffraction (LEED) [8,9] and partially-resolved STM images [8]. The 
(6√3×6√3)R30o periodicity is imposed by the registry match of SiC and the carbon layer [10,11] 
and is predicted by theoretical calculations [12,13]. However, the structure of the buffer layer on an 
atomic scale is still debated since complete atomic resolution has eluded STM studies so far. 
Several reports suggested a hexagonal atomic arrangement such as in monolayer graphene [8,10-
14], but also a nanomesh structure with isolated carbon islands was proposed [5]. The discovery 
that the buffer layer can be converted into pristine sp
2
-bonded graphene (the so-called quasi-free-
standing monolayer graphene (QFMLG)) via the intercalation of hydrogen at the interface with the 
SiC substrate (see sketch in the inset to Figure 2d) [15] was a strong argument in favour of the 
hexagonal atomic arrangement in the buffer layer. Nevertheless, recently an arrangement of 
hexagonal, pentagonal, and heptagonal atomic placements [16] was put forward as the buffer layer 
geometry. The clarification of the atomic structure of the buffer layer is imperative for 
understanding and controlling the epitaxial growth of mono- and few-layer graphene on SiC(0001). 
In this work we present atomically-resolved STM images of the buffer layer that clearly 
demonstrate a graphene-like honeycomb structure, hence resolving the dispute on the atomic 
arrangement within the interface layer. By exploiting scanning tunneling microscopy and 
spectroscopy we examine the atomic and electronic structure of the buffer layer and compare it to 
that of QFMLG. 
 
2. Experimental 
Buffer layer samples were grown by annealing atomically flat 6H-SiC(0001) samples in a radio-
frequency (RF) induction furnace under an Ar atmosphere at about 1400
o
C [17]. QFMLG was 
obtained by subsequently annealing the buffer layer samples in the same RF-furnace in a molecular 
hydrogen atmosphere at about 1 bar and temperature of 800
o
C [15]. The quality, homogeneity, and 
precise thickness of the buffer layer and QFMLG layers were assessed by angle-resolved 
photoelectron spectroscopy (ARPES), X-ray photoemission spectroscopy (XPS), atomic force 
microscopy (AFM), and micro-Raman spectroscopy. ARPES and XPS results for the buffer layer 
and QFMLG samples are in line with [15] and [17] and confirm the validity of the preparation 
protocols. 
Raman measurements were performed by means of a custom setup. The 488-nm line of an Ar laser 
at 1.5 mW was focused on the sample by a 0.7-numerical-aperture lens, giving a sub-micron 
illumination spot. Spatially-resolved Raman spectra were correlated to AFM measurements to 
assess the distribution of graphene layers on the samples. To this end we exploited the shape of the 
terraces typically present on the SiC substrate as optical markers. To make these visible, we added 
an off-optical-axis illumination LED to our system in order to enhance the brightness of the step 
edges with respect to the flat areas of the substrate. The image of the sample showed well-resolved 
steps which were used to determine where on the substrate the Raman spectra were actually 
collected and to execute AFM within the same regions in the following steps. AFM imaging was 
performed by a Caliber (Veeco) instrument configured in intermittent-contact mode, where 
topography and phase-images were simultaneously acquired. It was possible to acquire high 
resolution images of the graphene grown on SiC terraces and to distinguish between the buffer layer 
and monolayer graphene both by topography and by phase contrast [18].  
STM and STS measurements were performed in a variable-temperature ultra high vacuum RHK 
Technology STM with a base pressure of 5 x 10
-11
 mbar with tungsten tips electrochemically etched 
in a 2M NaOH solution with homebuilt electronics. In situ, the tips are degassed by placing them 
near a hot filament overnight. Subsequently, the tips are flashed by applying 600V between tip 
(positive) and filament (negative) and then quickly increasing the filament current until a 10μA 
emission current is detected.  This removes the oxide from the tips, and then they can be used for 
imaging. Samples were kept at room temperature, and all measurements were taken in constant-
current mode with a tunneling current of 0.3 nA. The WSxM software package was used to analyze 
STM images [19].
 
 
3. Results and discussion 
Combined Raman and AFM measurements provide valuable spatial information on where to 
measure the buffer layer and the QFMLG via STM and will be discussed first. Spatially-resolved 
Raman spectra on the buffer layer regions show the typical SiC bands and no graphene-related 
bands. However, at selected positions the typical 2D band of monolayer graphene was also 
detected, characterized by a single Lorentzian peak centered at 2760 cm
-1
 with an average full-
width at half maximum (FWHM) of ≈55 cm-1, which suggests the presence of inhomogeneous 
compressive strain [20,21]. Figure 1(a-c) shows the Raman signal (panel (a)), the optical image of 
the sample (b), and the AFM phase (c) signals obtained at the same position on the sample. The 
combined Raman and AFM measurements show that monolayer graphene is only present in the 
proximity of substrate steps. This is consistent with ARPES and XPS data for the same sample (not 
shown) that indicate a low coverage of monolayer graphene. Away from step edges, the sample is 
covered by only the buffer layer, which in fact does not produce graphene-related Raman signals. 
Hydrogen-intercalated samples were also characterized by Raman spectroscopy and AFM. 
Spatially-resolved Raman data (shown in Fig. 1e) demonstrate the presence of QFMLG throughout 
the sample (2D peak centered at 2663 cm
-1, with a FWHM ≈ 30 cm-1) [22], except for regions close 
to the substrate steps (optical image in Fig. 1d) where multilayer graphene, characterized by a 
broader, blue-shifted 2D band, was observed. 
 
Fig. 1 - (a) Raman spectra as a function of the position of the excitation-laser spot on the 
buffer layer sample. The scale bar is 2 µm. As the buffer layer produces no graphene-like 
Raman signals, the spectra reveal the presence of monolayer graphene inclusions, signaled by 
the occurrence of the 2D band, only in the proximity of substrate steps. Two spectra collected 
at the positions marked with “i” and “ii” are shown at the top of panel (a). Step positions were 
determined by comparing the optical image of the sample (b) and the tapping-mode AFM 
phase signal (c). Panels (d) and (e) show an optical image and the Raman spectra of one of the 
QFMLG samples across a step. The scale bar is 1 µm. The 2D band is visible throughout the 
scan range (yellow arrow in Panel (d)) showing a monolayer character on the terraces and 
bilayer inclusions in the proximity of the SiC step. Two spectra collected at the positions 
marked with “iii” and “iv” are shown at the top of the panel (e). 
 
STM was performed within the central terrace regions (away from step edges) where Raman and 
AFM analyses confirm the presence of the buffer layer in the sample surface. Figure 2a shows 
images of the buffer layer taken with a sample tunneling bias UT = +1.7 V where the long-range 
periodicity of the surface is easily observed in STM [8,14]. The main plot in Fig. 2a shows the 
surface imaged under tunneling conditions where – already on this large scale – atomic resolution 
of the buffer layer can be recognized.  This situation was attained only after imaging the same 
surface area for an extended period of time (several hours) and most likely as a result of the 
achievement of stable tip and tunneling conditions. The tunneling conditions typically remain stable 
for about 30 minutes (for comparison, it takes about 5 to 10 minutes to measure an STM image). At 
earlier stages, images such as those shown in the inset of panel (a) and in previous works 
[4,5,8,14,23-25] were obtained. When the tunneling conditions stabilize and the resolution 
improves, the images show more details and the quasi-(6x6) superstructure is resolved.  This 
accounts for the variation of the buffer layer images observed in literature [4,5,8]. The micrographs 
shown in panel (a) are dominated by the (6×6) corrugation which is indicated in the main image by 
the solid diamond together with the (6√3×6√3)R30o unit cell as a dashed diamond. The measured 
unit vector lengths of the two periods are 1.85 nm and 3.2 nm, as expected [8]. The strong and 
easily imaged corrugation of the surface is a consequence of the covalent bonds that form between 
approximately 30% of the buffer layer carbon atoms and the silicon atoms of the SiC(0001) surface 
[10,11], as sketched in the inset to Fig. 2b. The buffer layer is smoothly varying on an atomic scale 
with a superstructure due to the covalent bonds to the substrate, because the out of plane 
displacement of single atoms is limited by their covalent bonds to the three neighboring carbon 
atoms; it is energetically favorable to distribute the strain on several neighboring bonds. In addition 
to the hexagonal periodicity with a large unit cell typically observed for the buffer layer 
[8,12,13,14], the STM image in panel (a) clearly resolves an additional periodicity that displays a 
graphene-like atomic arrangement. The atomic structure of the buffer layer is fully resolved in 
Fig. 2b, a close up STM image obtained at a sample bias of -0.223 V. The honeycomb structure has 
a measured lattice constant of 2.5 Å ± 0.1 Å clearly showing a graphene-like topography (2.46 Å). 
Some atomically resolved images of the buffer layer also show the (6√3x6√3R30°) unit cell. We 
note that resolving the honeycomb structure was also possible at higher biases but never for values 
of |UT| < 200 mV. Tunneling conditions became unstable below this sample bias, as expected for 
the buffer layer [24]. We also point out that atomically-resolved images such as the one reported in 
panel (b) were consistently acquired when measuring within the terraces in several different areas of 
the sample. These first STM images of the buffer layer with full atomic resolution clarify the debate 
concerning the atomic structure of the buffer layer. They demonstrate that the buffer layer is 
topologically identical to monolayer graphene and thus represents a true periodic carbon 
honeycomb structure. 
 
Fig. 2 - STM images of (a-b) the buffer layer and (d) QFMLG. Panel (a) shows the long-range 
periodicity imposed on the buffer layer by the substrate. The solid (dashed) diamond 
designates the (6×6) ((6√3×6√3)R30°) unit cell. Images in panel (a) were taken with a sample 
bias of +1.7 V. Under optimal tunneling conditions (main image in panel a) as opposed to 
earlier stages (inset in (a)) the atomic lattice superimposed on the (6×6) periodicity is revealed. 
Panels (b) and (d) are zoomed-in images of the buffer layer and QFMLG imaged with a 
sample bias of -0.223 V and +0.103 V, respectively. The upper insets in (b, d) present the 
structural models of the buffer layer and QFMLG, respectively. The lower insets in panels (b) 
and (d) are are zoomed in 2D Fast Fourier transforms (2DFFT) of one of the (1x1) spots of the 
graphene lattice with the quasi-(6x6) satellite spots visible only on the buffer layer. Scale bar 
0.58 nm
-1
. Panel (c) shows atomically resolved STM images taken on the buffer layer and 
QFMLG and the corresponding line profiles along the graphene periodicity. The STM images 
in Panel (c) have been filtered to remove noise. All measurements were taken in constant 
current mode with the current set to 0.3 nA. 
 
Figure 2d shows an STM image of QFMLG obtained at a sample bias of +0.103 V, a bias that 
yields clear atomically resolved images on monolayer graphene but at which the buffer layer cannot 
be imaged [4,8,14,24,26]. From these images we extract a lattice constant of 2.4 Å ± 0.1 Å 
consistent with that of pristine graphene. The (6×6) periodicity present on the buffer layer 
disappears after intercalation of hydrogen, and the layer appears flat. Also, no obvious atomic 
defects can be observed in Fig. 2d or in other QFMLG images. This indicates that the process of 
hydrogen intercalation is rather gentle, and despite the high process temperature additional atomic 
defects are not noticeably introduced into the graphene layer. 
Figure 2c illustrates a roughness analysis of the two surfaces. For this purpose the images were 
filtered with a Gaussian profile of decay length 3 pixels (1 pixel ~ 0.18 Å) to reduce noise. A line-
profile analysis of the buffer layer image is shown by the black line in panel (c) and demonstrates 
the high corrugation of this interface layer which is a result of the spatially-varying coupling to the 
SiC substrate mediated by covalent bonds as noted above. The peak-to-peak corrugation value of 
~1 Å agrees with what was theoretically calculated by Varchon et al. [12]. The root mean square 
(RMS) roughness value, calculated from 5 buffer layer images of 25 nm
2
 each, is 0.178 Å ± 
0.020 Å. As shown by the light gray line in panel (c), in the case of the QFMLG sample, the line 
profile analysis yielded a peak-to-peak corrugation of approximately 0.4 Å. Also in this case the 
RMS value was calculated from 5 QFMLG images: we obtained a value of 0.125 Å ± 0.005 Å, 
demonstrating that QFMLG is flatter than the buffer layer. We caution the reader that both the long-
range corrugation due to the reconstruction and the atomic corrugation contribute to the peak-to-
peak values, so that the real differences in reconstruction-related corrugation are actually more 
pronounced. For the buffer layer, the corrugation due to the (6√3×6√3)R30o reconstruction alone 
amounts to approximately 0.6 Å. On the other hand, for QFMLG the peak-to-peak corrugation is 
dominated by the graphene lattice (~ 0.3 Å) while the residual long-range variations are around 
0.1 Å. 
From 2D Fast Fourier transforms (2DFFT) of the STM images additional information on the 
periodicity of the crystalline structure can be obtained. A single (1x1) spot from the graphene-like 
lattice is shown in the 2DFFT (Fig. 2b inset) surrounded by 6 satellite spots from the quasi-(6×6) 
periodicity of the buffer layer. The satellite spots are at a distance of 0.59 nm
-1
 ± 0.07 nm
-1
 which 
corresponds to 16.9 Å ± 1.5 Å in real space, in close agreement with the expected values (0.54 nm
-1
 
and 18.5 Å) [8,26]. At the same time the absence of satellite spots in the QFMLG 2DFFT (Fig. 2d 
inset) confirms the absence of a quasi-(6×6) periodicity in the real-space images. 
To further demonstrate that the atomic resolution images in Fig. 2(a-c) were obtained on the buffer 
layer and not on minor inclusions of monolayer graphene, STS was performed on the same areas 
imaged by STM. Figure 3a shows the average of multiple I-V curves acquired in various points on 
the buffer layer (red line) and on the QFMLG (blue line). The extremely low currents measured for 
tunneling voltages in the range from -0.5 V to +0.5 V (see red line in Fig. 3a) confirm that Figs. 
2(a-c) were taken on buffer layer areas. A low density of states in the vicinity of the Fermi level is a 
consequence of the strongly-modified electronic structure of the buffer layer due to partial 
hybridization of its carbon atoms with the SiC substrate [10,11]. Figure 3b shows the differential 
conductance spectra, i.e. the derivative of the I-V curves plotted in panel (a). The buffer layer 
spectra (red line in Fig. 3b) show virtually no conductance over an energy range of approximately 
±0.5 eV with respect to the Fermi level. In stark contrast, QFMLG samples exhibit graphene-like 
semimetallic differential conductance (blue line in Fig. 3b). The intercalation of hydrogen lifts the 
electronic coupling of the buffer layer to the substrate and changes its electronic structure to a 
pristine graphene-like character. The reported dI/dV curves are qualitatively similar to those 
obtained by Rutter et al. for the buffer layer and monolayer graphene [24]. The dI/dV curves of the 
QFMLG display a minimum near zero sample bias but the value is finite and does not vanish 
similarly to the observation by Lauffer et al. [14] for as-grown monolayer graphene on SiC(0001). 
QFMLG appears to be slightly p-type doped as the minimum of the dI/dV curve i.e., the Dirac 
point, is shifted to a positive sample bias of about 13 mV (Fig. 3b). Further STS experiments at low 
temperatures might explore the impact of electron-electron interactions as predicted in [27]. 
 
Fig. 3 - (a) Current vs. voltage (I-V) curves and (b) differential conductance spectra acquired 
on the buffer layer (red line) and on QFMLG (blue line). The I-V curves in (a) are an average 
of multiple curves. The spectrum of the buffer layer reveals a low density of states ranging 
from around -0.5 V to +0.5 V, whereas hydrogen intercalation restores the semimetallic 
behavior of QFMLG expected for pristine graphene. 
 
4. Summary 
We showed by atomically-resolved STM imaging that the buffer layer is topologically identical to a 
graphene monolayer and thus represents a true periodic carbon honeycomb structure. Furthermore, 
we compared the atomic structure of the buffer layer to that of QFMLG obtained by hydrogen 
intercalation. We showed that the (6×6) corrugation existing on as-grown buffer layer samples 
disappears upon hydrogen intercalation, and that the resulting QFMLG is extremely flat. Also, no 
obvious atomic defects were observed in the images taken on QFMLG. On the buffer layer, the 
local density of states as measured via STS is extremely low in an energy range of about ±0.5 eV 
around the Fermi level, consistently with a partly sp
3
-hybridized graphenic layer. Only upon 
hydrogen intercalation does the semimetallic differential conductance spectrum re-emerge. 
Remarkably, all the results reported in this work were obtained at room temperature. The possibility 
of observing the atomic structure of the buffer layer and of QFMLG via STM is instrumental for the 
optimization of growth and intercalation processes. Also, atomic-resolution STM imaging of the 
buffer layer and QFMLG paves the way for adsorption studies on such layers [28].
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